This paper presents experimental results of object handling motions to evaluate tactile slippage sensation in a multi fingered robot arm with optical three-axis tactile sensors installed on its two hands. The optical three-axis tactile sensor is a type of tactile sensor capable of defining normal and shear forces simultaneously. Shear force distribution is used to define slippage sensation in the robot hand system. Based on tactile slippage analysis, a new control algorithm was proposed. To improve performance during object handling motions, analysis of slippage direction is conducted. The control algorithm is classified into two phases: grasp-move-release and grasp-twist motions. Detailed explanations of the control algorithm based on the existing robot arm control system are presented. The experiment is conducted using a bottle cap, and the results reveal good performance of the proposed control algorithm to accomplish the proposed object handling motions.
Introduction
The development of high performance tactile sensing device has becoming inevitably important issue in robotic field. This paper presents the continuity of the research to develop an intelligent tactile sensing device for application in robotic hands. Rapid development of intelligent robotic hands such as the Gifu Hand III [1] and the high-speed robot hand [2] produced at the University of Tokyo, which perform impressive acts of dexterity and skillful manipulation, have urged the development of reliable tactile sensing devices and control algorithms to merge perfectly with the robot controller.
Tactile sensors offer great potential for improving the grasp synthesis in robot manipulation due to their extreme sensitivity and capability for measuring contact forces distribution. In previous work, a unique tactile sensor system called optical three-axis tactile sensor was developed for application to humanoid robot hands [3] [4] . The sensing principle is based on the optical waveguide transduction method. The optical waveguide sensing principle used in this tactile sensor comparatively provides better sensing accuracy to detect contact phenomena from acquisition of three axial directions of forces [5] . Therefore, it is capable of measuring both normal and shear force simultaneously and suitable for application in robotic hands. For development and analysis of the control algorithm, the optical three axis tactile sensors are mounted on fingertips of robot arm as shown in Fig. 1 . The robot arm is consists of 11-dofs: 2-dofs at the shoulder joint, 1-dof at the elbow joint, 2-dofs at the wrist joint, and 2 units of 3-dof robot hands functioning as fingers for the arm. In current research, we conduct further investigation to clarify the performance of the object manipulation task when tactile and slippage sensations were both integrated in the robot control system. To optimize the investigation, we create an experimental case study for the robot arm to complete and then we analyze the tactile slippage data. About the experimental task, humans commonly use their hands for a range of behaviors including power grips, fine manipulation, and communicative gestures. In order to closely describe these human behaviors in robotic experiments, we choose grasp, move and twist motions to evaluate our system. In this experiment the high accuracy of shear force detection of our tactile sensor system has provided a great opportunity to evaluate the slippage sensation of the robot hands.
Hardware Structure and Sensing Principle of Optical Three-Axis Tactile Sensor
The hardware structure of the optical three-axis tactile sensor, as shown in Fig. 2 , consists of an acrylic hemispherical dome, an array of 41 pieces of sensing elements made from silicon rubber, a light source, an optical fiber scope, and a CCD camera. The optical fiber-scope is connected to the CCD camera to acquire the images of sensing elements touching the acrylic dome inside the sensor.
The silicone rubber sensing element is comprised of one columnar feeler and eight conical feelers that remain in contact with the acrylic surface. The light emitted from the light source is directed towards the edge of the hemispherical acrylic dome through optical fibers. When an object contacts the columnar feelers, resulting in contact pressure, the feelers collapse. At the points where the conical feelers collapse, light is diffusely reflected out of the reverse surface of the acrylic surface because the rubber has a higher reflective index. The contact phenomena, which consist of bright spots caused by the collapse of the feelers, are observed as image data, retrieved by the optical fiber scope connected to the CCD camera, and transmitted to the computer.
In the measurement process, the normal force of the F x , F y and F z values is calculated using integrated gray-scale value G, while shearing force is based on horizontal center point displacement. The displacement of gray-scale distribution u is defined in equation (1), where i and j are the orthogonal base vectors of the x-and y-axes of a Cartesian coordinate, respectively. This equation is based on calibration experiments, and material functions are identified with piecewise approximate curves. Finally, each force component is defined in equation (2) .
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Slippage Measurement Methodology
In the shearing force detection, basically when the tangential force is applied to the sensing element, it collapses according to the applied load direction. At the same time, the centroid point of the bright spot is also shifted. Therefore, the shearing force can be calculated based on the horizontal displacement of this centroid point.
In this study, due to the cylindrical shape of the sensing elements, slippage normally occurs when the grasped object surface alternates between sticking to the sensing element and sliding over the sensing element. In our system, this 'stick-slip' phenomenon can be measured by calculation of time derivation of centroid point displacement in shear force detection. Since the present control algorithm allows robot hands to refine their grasp pressure when slippage is detected, the robot hands will be able to handle various types of objects by adjusting the parameter value of the centroid point displacement threshold. It also been useful to classify stiffness of an object for safe and effective manipulation [6] .
The calculation of the centroid position, which is measured based on the center point of the bright spot area that equals the center position of the integrated gray-scale measurement area, is conducted when tangential force is applied to the sensor element or when slippage occurs. At this moment, the conical feeler's contact area at the sensing element with the acryl surface is shifted horizontally. To define the shearing force, we measure the horizontal centroid point displacement at the x and y axes. In shear force measurement, by applying the increment of integrated gray-scale value △g(x,y), the centroid positions at the xy-axes, which are described as x G and y G are defined within the measurement area of the integrated gray-scale value, as shown in Eqs. 
Based on the above equations, the displacement of the centroid point at the xy-axes in time t is defined as follows:
Analysis of Slippage Direction
In object manipulation, when the robot arm is in the static condition and only the robot hand is performing motion, slippage normally occurs during the incipient grasp and when the object is in contact with the ground or another object surface. During the incipient grasp, the main reason for slippage is the object's surface condition and weight. However, it is possible to manipulate this condition for improvement of the task control. In order to find a suitable solution, we analyze the slippage direction of the optical three-axis tactile sensor.
In this study, we intended to use the slippage direction so that the robot system could achieve the autonomous grasping condition and define accurate timing to lift and release the object. In order to analyze slippage direction, we conducted a simple experiment in which the robot finger held a cubeshaped object as illustrated in Fig. 3 . First, we applied force to the center of the object, as shown in Fig. 3 (a) , and then at its edge as shown in Fig. 3 (b) , which caused the object to slightly rotate. We defined the shear force characteristics and distribution by calculating the centroid point displacement of the sensing elements, as indicated in the graphs for both experiments.
The graphs in Figs. 3 (a) and (b) show that the directions of the centroid displacements of the related tactile sensor elements are toward the applied force direction. In Fig. 3 (b) , the directions of the centroid displacement for the tactile sensor elements are according to the object's rotation direction. From both experiment results, we conclude that the shear force direction is according to the applied force direction. Therefore, slippage direction can be used as a control parameter in the robot arm control system to distinguish incipient grasp and release motion. 
Experiment with Robotic Hand
Experiment of grasp, move and twist object using the robotic hand equipped with the optical three-axis tactile sensor was conducted to evaluate the performance of tactile slippage sensation. The object is a mineral water bottle cap. Fig. 4 shows pictures of the experimental condition. When the robot hand moves toward the bottle, the cap touched the bottle head surface causing great slippage due to rotation of the cap. Next, the robot hands performed twisting tasks. At the third cycle of the tasks, the robot controller realized that the cap was already tightened. The robot arm managed to perform all motions smoothly.
Conclusion
This report presents slippage analysis using optical three-axis tactile sensor mounted on fingertips of the robot hands. The experimental results using a bottle cap revealed good performance of the tactile sensor for future application in a real artificial robot hand. This result shows that integration of tactile and slippage sensation in a robot control system could contribute a better maneuvering of the robot arm-finger system when handling an object.
